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PREFACE

This report describes the work performed at Vought Advanced Technology
Center during the period 17 February 1976 to 17 February 1977 on a metals
laminate development for structures program. This program was conducted
for the Naval Air Systems Command under Contract No. NO0O19-76-C-0288. The
project monitor was Mr. W. T. Highberger, Code AIR-52031D, Nava! Alr Systems

Command, Washingion, D. C.

The program was conducted under the supervision of Dr. D. H. Petersen.
The principal investigator for this investigation was Dr. R. D. Goolsby.
Technical support was provided by Mess~s. B. K. Austin, T. E. Mackie,
J. H. Thomas, and W. M. Willis, Support for laminate fabrication was pro-
vided by: Mr. P. L. Mehr and Mr. A. N. Anderson, Alcoa Technical Center;
Mr. h. £. Pattee and Mr. V. D. Linse, Battelle Columbus Laboratories; and

Mr. J. F. Dolowy, Jr., DWA Composite Specialties, Inc.
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1,0 INTRODUCTION

The application of metal laminates in structura) design has seen an in-
creased interest in the past few years, particularly in the aerospace field.
Metal laminates are attractive as structural elements because th:y potentially
offer greater relliability, increased life expecfancy, and lower cost than con-
ventionally forged and machined components. In particular, the high fracture
and fatigue i1esistance and the crack arrest properties of metal laminates have

-21 These studies have included

been the subject of intense investigation.]
evaluations of metal/epoxy and metai/metal laminate panels, as well as siruc-
tural component fabrications using laminated materials. Most of the studies
related to aerospace applications have concerned metal/epoxy systems. These
metal /epoxy systems have been concentrated on primarily because of the poten-
‘tial fabrication cost savings associated with these materials. However,
metal/epoxy systems have been limited in primary aerospace structural applica-
tions because of uncertainties regarding their use in the presence of hostile
environments (e.g. salt water) and their use at elevated temperatures, Thus,
totally metallic laminate systems would be useful for structures operating

under these more severe service conditions,

The present investigation is concerned with development of totally
metallic laminates for aerospace structural applicaticn, In spite of the
numerous studies that have been conducted in the past on both metal/epoxy and
metal/metal laminates, insufficient information regarding material, configu-
rational, and processing variables is available for efficient structural de-
sign using metal /metal laminates. This study is directed toward determining
the effects of these various parameters on the fracture and fati_ue properties
of Al1/Al and Ti/Al laminates. Seven different laminate configurations were
fabricated by three distinctive processing methods: diffusion bonding, roll
bonding, and explosive bonding. The materiais systems were 7475 A1/1100 Al,
7075 A1/7072 Al, ind Ti-6A1-4v/6061 Al, The specific experimental program
conducted under :his study was designed to isolate the following parameters

affecting metal/metal laninate properties.

Laminate Properties vs. Sheet and Monolithic Plate Properties., For

each of tha seven metal/metal laminate configurations documented

similar document~+ion was obtained for monolithic primary alloy
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plate of the same thickness as the laminate panel. Also, properties

were determined of primary alloy sheet of the same thickness ac

that of the primary layers in the metal/metal laminates.

Process Method., Diffusion bonding, roll bonding, and explosive

bonding laminate fabrication methods were employed on identical Al/
Al laminate configurations, This enabled diract comparisons to be
made between the three fabrication methods regarding their effects
on: metallurgical structure, tensile properties, fracture proper-
ties, and vatigue crack propagation properties of the processed

laminates.

Alloy Type. 7075 Al and 7475 Al (both having very similar chemical
compositions) were used as primary metals so that direct comp..isons
could be made regarding the use of these two aluminum alloys in
laminate materials. Titanium was also used as a primary laminate

metal to evaluate its utility in laminate design,

Interleaf Thickness Effects. Three different interleaf thicknesses

were employed in the fabrication of three laminates processed by

the same method (diffusion bonding) and having the same metal/metal
constitution (7475 A1/1100 Al). Test results from these three lami-
nates allowed for comparison of metallurgical, tensile, fracfure,
and 7 *igue crack propagation properties as a function of interleaf

thickness,

The fracture and fatigue crack propagation behavior of these materials were
characterized in both crack divider and crack arrest orientations, The
metallurgical properties and tailure mechanisms were documented using optical

metallography, electron probe microanalysis, and scanning electron microscopy.




2,0 EXPERIMENTAL PROCEDURE

2.1 MATERIAL SELECTION

‘The égsentlé% first step in an elperimenta|>investigatibn of metal/metal
laminates Is the sclection of primary and seconduary laminae materials and
thicknesses., From the numerous inyesttgations that have been conducted on
all types of laminar composite systems, it has been noted. that the Jrincipal
factors which affect the fracture resistance of laminates are:

(1) Primary metal properties = strepgth, toughness, ductiiityh etc.

(2) Secondary {bonding or Interleaf) metal - strength, ductility
bonding properfles; - |

(3) Primary metal lamina thickness

1)  Secondary métal (interleaf) thickness

The selecticuns of these metals are described below.

Primary Metal Selection, In the present investigation only aluminum and

titanium alloys were considered for application as primary metals, because of
the advantagecus strength-to-weight ratios of these alloys. Selections of

the exact aluminum and titanium alloys were based on fracture toughness vs.

thickness characteristics, strength, fatigue resistance, corrosion resistance,

and stress corrosion resistance. The alloys selected on this basis were
7075-T76, ~T7651 Al; 7475-T761, -T7651 Al; and mill annealed Ti-6A1-4V titan-
ium allov. The baseline sheets and plates that were used in this investiga-

tion are given in Table |.

Secondary (Bonding or Interleaf) Metal Selection, The secondary metal is

considered important primarily because of its effect on bondline strength, and
therefore on the tendency cf the primary laminae to fail in a plane ctress man-
ner. Failure of the primary laminae under plate stress condit :ns is nece:zsary
to achieve maximum fracture toughness, For all three processing methods used
in faminate preparation, a soft interleaf meta! was employed as the secundary
or bonding metal. 1100 Al was used as the interieaf metal in all Al/Al diffu-
sion bonded panels and in one of the Al/Al roll bonded panels, 7072 Al was
used as the secondary metal in the Al/Al explosive bounded panel and in one of
the A1/Al roll bonded panels. 6061 Al was used as the secondary metal in the
diffusion bonded Ti/A! panel. Specific secondary metal thicknesses and lami-

nate configurations are described in Section 2.2
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2,2 LAMINATE SELECTION AND FABRICATION.

Diffusion bonding, roll bonding, and explosive bonding were used to
fabricate the A1/Al and' Ti/A)l laminate panels. Seven laminate panels were
evaluated during this study: three diffusion bonded A1/Al laminates, two
A1/AY roll bonded laminates, one Al/Al explosive bonded laminate, and one
diffusion bonded Ti/Al laminate. The speciffc laminate configurations

assessed (illustrated schematically in Figure 1) are detailed in Table 2

and are discussed in the following paragraphs.

Diffusion Bonded Laminate Panels. The diffusion bonded laminate panels 3

wére.fabricated by DWA Comppsite Specialties, Inc. The Al/Al panels con-
sisted of five layers:of 2.3 mm (0.090 in.) thick 7475-T761 Al sheet inter-
leaved with four layers of 1100 Al. The only differences among the three

Siten i o et b

panels were the 1100 Al interleaf sheet thicknesses [0.05 mm (0,002 in.),

, 0.13 mm (0,005 in.), and 0.25 mm (G.010 in.)]. These panels were processed
N -under vacuum for 1/2 hour at 477°C (830°F) at 20.7 MPa (3000 psi) pressure.
. The Ti/Al laminate consisted of four layers of 3.2 mm (0.125 in.) thick mil}

annealed Ti=6A1-4V titanium alloy sheet interleaved with three layers of
0.10 mm (0.004 in,) 6061 Al foil. This panel was processed under vacuum
for 1/2 hour at 524°C (975°F) at 27.6 MPa (4000 psi) pressure. The area of i
all diffusion bonded panels fabricated was approximately 406 mm x 711 mm 3
(16 in. x 28 in.).

j{:

B

Roll Bonded Laminate Panels. The roll bonded Al/Al laminate panels %

were fabricated and heat treated by Alcoa Technical Center. One laminate
configuration (RA1) consisted cf five layers of 2.3 mm (0.090 in.) 7075 Al
sheet interleaved with four layers of 0,13 mm (0.005 in.) 7072 Al sheet.

gt g

The other laminate configuration (RA4) consisted of five layers of 2.3 mm
(C.090 in.) 7475 Al sheet interleaved with four layers of 0.13 mm (0,005 in.)
1100 Al sheet. Total size of laminate RAl was 11.9 mm x 305 mm x 1370 mm ;

3
&
¥

T

DA el

(0.47 in. x i2 in. x 54 in.). Total size of laminate RAL was 11.9 mm x
305 mm x 1120 mm (0.47 in. x 12 in, x 4b in.). The final laminate panel

was fabricated by initially processing three subpanels and warm rolling

these three subpanels into the final configuration. After roll bonding the

e e S

panels to final dimensions the laminates were heat treated to give -T765]

properties to the primary metal phase (7075 or 7475).
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FIGURE 1. SCHEMATIC OF METAL/METAL LAMINATE INVESTIGATED.
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Explosive Bonded Laminate Panel. The explosive bonded 7075 A1/7072 Al
laminate panel EAl was fabricated by Battelle Columbus Laboratories., This
laminate was fabricated from five layers of 2.5 mm (0.099 in.) 7075-T6
Alclad Al sheet. Thus, the as-bonded laminate consisted of five layers of
2.4 mm (0.095 in,) 7075 Al interleaved with four layers of 0,13 mm (G.005 in.)
7072 Al sheet. Total area of the explosive bonded laminate was approxi-
mately 12.4 mm x 279 mm x 381 mm (0.49 in. x 11 in. x 15 in.). The laminate

. was fabricated using a single-sided welding procedure as illustrated in

Figure 2. The standoff distances between the upper four sheets were all

1.52 nm (0.060 in.). The standoff distance between the lower two sheets
was reduced to 1.02 mm (0.040 in.) to minimize any tendency toward over-
welding. The panel was welded using SWP-1 explosive at a charge density of

1.65 g/cmz. [SWP-1 explosive is a nitrostarch-sensitized ammonium nitrate

powder explosive that detonates at a nominal velocity of 3000 m/sec (9850

ot i 5 i

ft/sec)]. Subsequent to fabrication the laminate was tempered at Vought
Advanced Technology Center to give -T76 tensile properties to the 7075 Al.

2.3 CHEMICAL ANALYSIS, MICROSTRUCTURAL EVALUATION, AND NONDESTRUCTIVE
INSPECTION

Chemical Analysis. All primary metal sheets and plates used in this

program were analyzed to determine chemical compositions employing emission

: ST ORI ot g
R M s i il

spectroscopy.

Microstructural Evaluation. Baseline metal sheets and plates and

laminated panels were examined using a Leitz Orthoiux metallograph. Elec- 5

tron probe microanalysis was performed on all laminated panels using a

Cameca MF 46 analyzer. 3

Nondestructive Inspection. All laminated panels were inspected using

ultrasonic C-scan.

2.4 MECHANICAL TESTING '%
2.4.7 Tension Tests

The tension tests were performed using the 25.4 mm (1.00 in.)
and 50.8 mm (2.00 in) gage length specimens shown in Figure 3. All materials
were evaluated using the 50.8 mm specimen with the exception only of the

explosive bonded laminate EAl. Triplicate tests were performed on all
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materials in the longitudinal orlentation. These tests were run at 1,27

mm/min (0.05 in./min) at room temperature. Testing was acconmplished on

either a 90 kN (20 kip) capaclty CGS or 450 kN (100 kip) capacity MTS

servo-hydraulic closed-loop testing system under stroke control, Elonga-
tion was monitored using an MTS 632.12 strain gage extensometer, |

2.4.2 Fracture Tests

Fracture toughness tests were performed using the compact
tension (CT), single-edge-notched (SEN), and three point hend (TPB) speci-
mens shown in Figures 4, 5, and 6. The SEN and CT specimens were used for -
all of L-T, crack divider orientation tests (Figure 7). The TPB specimen
was used for L-$, crack arrest tests (Figure 7). Testing was performed in
a manner similar to the ASTM E 399 test method for compact tension and
three point bend speclmen;izz and to the procedures outlined in the Damage

Tolerant Design Handbook. The specimens were fatigue precracked at 10 Hz

and subsequently tested to failure using a loading rate witliin the ASTM
recommended range. A double cantilever crack-opening-displacement (COD)
gage similar to that developed by Fisher, et al.zh was used to monitor

crack length during testing. Load and crack-opening-displacement weras re-
corded on an X-Y recorder for all tests. These tests were run in triplicate
at room temperature on either the CGS or MTS system described earlier.

Pertinent crack lengths relative to the load/crack-opening-
displacement failure curves were determined using experimentally derived
COD compliance calibrations. These COD compliance calibrations were de-
termined for each specimen configuration (CT, SEN, and TPB, including a

calibration for three different values of W for the TPB specimen).

The following fracture toughness parameters were determined for

specimens tested in this study:

KQ - conditional fracture toughness, determined by the 5%
offset method described in ASTM E 399-74

- apparent fracture toughness, evaluated using maximum

failure load and the origiral crack length

K - critical fracture toughness, evaluated using maximum

failure load and the crack length at failure

11
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Notes: (1)

(2)

(3)

I

63.5
(2.50) — =] ('?’;")

Knife edges at notch opening are 5.1 mm
(0.20 in.) apart.

Notch s chevron shaped at tip and is
1.6 mm (0.063 In.) wide.
a=22.9mm (0.90 in.) for fracture toughness

test specimens.
a=10.2 mm (0.40 in.) for fatigue crack propagation

test specimens.

FIGURE 4. COMPACT TENSION FRACTURE SPECIMEN USED FOR FRACTURE
TOUGHNESS AND FATIGUE CRACK PROPAGATION TESTING.
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FIGURE 5. SINGLE-EDGE-NOTCHED FRACTURE SPECIMEN.

13

o LA Gl iy

BRI

P : PRI
ol a5 e, ks P

<t

RPIINI TPRPI TR NS RN

Ak s

b b e . s Tl

el L it ot it

U IO P DY

3 duse




g
i
|
il
§
114
e e (4.50) ——
W
’;: — ) —"
/ - (57‘2 ————-—-l
,_ COD tab —/ 2.25) o
— ’ (tn.)
Notes: (1) W= 11.9 mm (0.47 In.), 12.7 mm (0.50 in.).
13.2 mu (0.52 in.) or 13.7 mm (0.54 in.),
depending on plate thickness for each material tested.
f; (2) Crack-opening-displacement aluminum tabs were
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5.1 mm (0.20 in.) apart.
3
' (3) Notch was 0.8 mm (0.032 in.) wide and 1.3 mm
. (0.050 in.) deep.
{
; FIGURE ¢ . THREE POINT BEND FRACTURE SPECIMEN USED FOR FRACTURE
f TOUGHNESS AND FATIGUE CRACK PROPAGATION TESTING.
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Compact Tension Fracture Specimen Stress-Intensity Determinations.

Fracture toughness values determined from compact tension specimen tests
22

were calculated using the following relation
P

K= 77 f(a/w) . (1)
BW "

where f(a/w) is given by:

s (A _ a|/2_ 13/2 15/2
Qe (@ ms (e
- 1017.0 (%>7/2 + 638.9 (%)9/2

and
K - stress-intensity factor
P - toad
B - specimen thickness
W - specimen width

a - specimen crack length

Single-Edge-Notched Fracture Specimen Stress-intensity Deter-

minations. Fracture toughness values determined from SEN specimen tests

were evaluated using the following expressionzsz
1/2
_ Pa , ‘ \
K= s f(a/w) (2)

where f(a/w) is given by:
f(a/W) = 1.99 - 0.4 (%) + 18.70 (%)2

. a\3 a\k
33.48 (W) + 53.85 (W)

K - stress-intensity factor

and

P - toad

a - specimen crack length

16
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B - specimen thickress
W - specimen width

Three Point Bend Fracture Specimen Stress-Intensity Deter-

minations. Three point bend specimens used in this investigation had span-

to-width ratios, S/W, of approximately 8. Fracture toughness values de-

téfhined using TPB specimens were evaluated ffom the following expression25’26:
1/2
K = 6—"22—— F(a/W) (3)
BW

where f(a/W) is given by:

f(a/W) = 1.96 - 2.75 (%) + 13.66 (%2

- 23.98 (%)3 + 25.22 (%

and ©

=
s A b i e SRS L o i SR

K - stress-intensity factor
M - applied bending moment

a - specimen crack length

tulu-.is_eﬂ" RN

B - specimen thickness

W - specimen depth

AT

2.4.3 Fatigue Tests

Fatigue crack propagation tests were performed using the L-T,

crack divider orientation compact tension fracture specimen (Figure 4) and

i

the L-S, crack arrest orientation three point bend fracture specimen (Figure

6). These tests were performed in a manner similar to the procedures recom-

A T

oY

mended by the ASTM Task Group E24.0L4.0l on Fatigue Crack Growth Rate Testing."7

Tests were conducted on either the CGS or MTS closed-loop testing systems

described in Section 2.4.1. These tests were conducted at room tzmperature
at 10 Hz under load control. All tests were run at R = 0.1. Crack lengths
were measured using a 40X traveling microscope. A minimum of three specimens
were tested for each material to arrive at a final crack growth rate (da/dN)
vs. stress-intensity factor range (aK) curve. Crack propagation rates were

determined using the secant method. Stress-intensity factor ranges for

17




. ' : .. L)
compact tension specimens were determined using the following expression.ze“'9 :

AP

AK = - f(a) : PR "~§i4)
Bu'/ 2 ~ g

where f(e) is given by: ' I
| (24 a)

'*—(I——-—;-j—/—z- 0.866 + 4,64 o -13.32 a2'
~ O

f(a) =

+ 1L,72 a3Aj 5.60 o

and:
AK - stress-intensity factor range
AP - P —P
max min
P - maximum load
max . , -
.- minimum load

min

a- a/W

a - specimen crack length

W - specimen width

B - specimen thickness
Stress- intensity factor ranges for three pbint bend specimens were determined
using Equation 3, Section 2.4.2. '
2.5 FRACTOGRAPHY

The fracture surfaces were examined using an optical metallograph and

a Cambridge scanning electron microscope.

18




3.0 RESULTS AND DISCUSSION

3.1 CHARACTERIZATION OF BASELINE ALUMINUM AND TITANIUM ALLOYS

A1l primary sheet and monolithic plate alloys used in this investigation
were characterized with respect to chemical composition, tensile properties,
“ fracture properties and fatigue properties, so that direct comparisons could

be made with properties of the laminated panels. For each of the seven lami-

3
4
k]
E]
3
H
2
3
3

nates listed in Takle 2, corresponding monolithic plate and sinc . layer sheet
alloys were tested. For example, diffusion bonded 7475 Al1/1100 Al laminates ; ;
DAl, DA2, and DA3, made from 2.3 mm (0.090 in.) 7475-T761 Al sheet (Lot 108 - -
369, Table 2), were compared with the 2.3 mm (0.090 in.) sheet and with 11.9 mm :
(0.47 in.) 7475-7T7651 Al monolithic plate [machined from the 13.2 mm (0.52 in.) E
‘thick baseline piate]. The chemical analyses of all the principal aluminum
and fitanium alloys used in this investigation are given in Tables 3 and &4, 7 E

respectively.

Tensile Properties. The tensile properties of the baseline 2.3 mm (0.090 in.)
7475-T761 Al and 7075-T76 Al sheet, 12.7 mm (0.500 in.) 7075-T7651 Al plate,
and 13.2 mm (0.520 in.) 7475-T7651 Al plate are given in Table 5. These pro-

perties were determined using the 50.8 mm (2.00 in.) gage length tensile

specimen confiquration illustrated in Figure 3.

The tensile properties of the baseline 3.2 mm (0.125 in.) Ti-6A1-4V alloy
sheet and 13.7 mm (0.540 in.) Ti-6A1-4V alloy plate are given in Table 6. The

tensile properties shown were determined using the 50.8 mm (2.00 in.) gage

~

length tersile specimen illustrated in Figure 5. Two heat treatment condi-

o ik e i i,

tions were dccumented for these baseline Ti-6A1-4V materials: 3
Condition A - mill annealed + 1 hr at 524°C (975°F)

Condition B - mill anneaied + 1 hr at 524°C (975°F) + | hr at 527°C
(980°F), water quench, 18 hr at 160°C (320°F)

O PR T P

These two heat treatment conditions are comparable to those heat treatments
given the laminated Ti-6A1-4V/6061 Al DTi panel. Condition A is the exact
thermal treatment given to laminate DTl, since extra sheets of the 3.2 mm
(0.125 in.) Ti-6A1-4V were included as baseline material in the diffusion
bonding lay-up. Condition B includes a subsequent heat treatment given to

some diffusion bonded laminate DT1 material in order to increase the interleaf

19
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(6061 Al) strength. Thus, Condition A baseline Ti-6A1-4V material was given
the additional tk mal processing for more direct comparability to the
Condition B processed laminate DT material. Table 6 gives the tensile pro-
perties of the 3.2 mm (0.125 in.) sheet for both Condition A and B, As is
evident from these test results the additional thermal processing to the
Condition B state had no effect on the tersile properties of the Ti-6Al-4y
sheet.

Fracture Toughness Properties. The L-T orientation fracture toughness
values of the baseline 2.3 mm (0.090 in.) 7475-T761 Al and 7075-T76 Al sheet,
12.7 mm (0.500 in.) 707577651 Al plate, and 13.2 mm (0.520 in.) 7475-T7651
Al plate are given in Table 7. Fracture tests on the 13.2 mm (0.520 in.)

7475-T7651 Al plate were conducted on specimens with a thickness of 11.9 mm
(0.470 in.), so that these specimens would be of the same dimensions as
comparable 7475 A1/1100 Al laminate specimens. The 38.1 mm (1.50 in.) wide
single-edge-notc'ed specimen {Figure 5) was used for all fracture tests with
the exception only of the 11.9 mm (0.470 in.) thick 7475-T7651 Al plate

alloy, where additional compact tension (Figure 4) fracture tests were also
conducted. Values of conditicnal fracture toughness (K.), apparent fracture
toughness (Kapp). and critical fracture toughness (KC) have al! been tabulated
in Table 7.

The fracture values of the sheet alloys given in Table 7 are not directly
comparable to most fracture values listed in such references as the Damage

Tolerant Design Handbook23 because of the small width of the specimens used

for tests in this investigation. It was necessary to use small specimens in
this program due to the limited quantities of laminate panel material avail-
able for testing. However, data for the 7475 Al and 7075 Al sheet does seem

3

to compare well with data Wygonik2 determined for 86.2 mm (3.0 in.) wide frac-

ture specimens. Complete ﬁQ' Kapp’ and Kc data for the thick 7475 Al and
7075 Al plates were not available for comparison. The results of Table 7 show
that 7475 Al possesses significantly higher fracture toughness than 7075 Al,

as has bzen noted previou'sly.30"32

Additional testing of the 7475 Al plate material was conducted using CT
specimens, since these specimens were used for fatigue crack propagation tests,
described in Section 3.4.1. As can be seen from Table 7 no significant dif-
ferences were noted in he fracture toughness values for the SEN and CT specimen

configurations,
24
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The L-T orientation fracture properties of the baseline 3,2 mm (0.125 in.)
Ti-6A-4V alloy sheet and 13.7 mm (0,540 in.) Ti-6A1-4V alloy plate are given
in Table 8, K, Kapp’ and Kc values were determined for the sheet material
in both Condition A and Condition B heat treatments, As would be expected,
the additional heat treatment involved in Condition B heat treating (a solu-
tion treatment, water quench, and age for the 6061 Al interleaf in the DT!
laminate) had no effect on the Ti-6A1-4V sheet fracture properties. Single-
edge-notched fracture specimens were used for ali tests except for additional
compact tension tests included for the plate material. The CT tests were in-
cluded because this specimen configuration was selected for fatigue crack
propagation testing, described in Section 3.4.1. As was the case for the 7475
Al plate material, no differences in fracture toughness values were noted for

tests conducted using either the SEN or CT specimen configurations.

Fatigue Crack Propagation Properties. Fatigue crack propagation tests
cf 2.3 mm (0.090 in.) 7475-T761 Al sheet, 11.9 mm (0.470 in.) 7475-T7651 Al
plate, 3.2 mm (0.125 in.) Ti-6A1-4V alloy sheet, and 13.7 mm (0.540 in.)
Ti-6A1-4V alloy plate were conducted using the compact tension specimen (Figure

L) and the three point bend specimen (Figure 6). The results of these tests
are discussed in Section 3.4, where direct comparisons are made to similar

tests on laminate panels.
3.2 TENSILE PROPERTIES AND MICROSTRUCTURES QF LAMINATE PANELS
3.2.1 Tensile Properties of Laminate Panels

Prior to sectioning and machining for tensile test specimens,
each laminate panel was nondestructively inspected for unbonded areas using
ultrasenic C-scan. The following observations were made relative to laminates

fabricated by the three different lamination processes:

Diffusion Bonded Laminates - It was found that diffusion bonded
7475 A1/1100 Al laminates DA2 and DA3 showed several areas of poor
bonding, as shown in Figure 8 for laminate DA2. The other dif-
fusion bonded laminates (7475 A1/ 1100 Al laminate DAl and Ti-6Al-
4v/6061 Al laminate DT1) showed no unbonded areas by C-scan in-

spection.
Roll Bonded Laminates - These laminates were characterized by

surface blisters which appeared after heat treatment. The

26
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blisters were quite numerous over the area of the panels and
were zasily identified visually, Ultrasonic G-scan (Figure 9)
and subsequent metallographic analysis confirmed thaf the un-
bonded areas occurred at the outside primary/secondary bondlines.
Explosive Bonded Panel - Ultrasonic C-scan inspection of explo-

sive bonded laminate 7075 A1/7072 Al revesaled no unbonued areas.

Tensile Properties of Diffusion Bonded 7475 A1/1100 Al Laminates.
The as-received diffusion bonded 7475 A1/1100 Al laminates DAl, DA2, and DA3

‘were heat treated at Vo:.ght Advanced Technology Center to achieve -T7651

tensile properties. There panels were heat treated according to the specifica-
tions of Alcoa U467 Process for 7475 Al sheet material. The primary 7475 Al
layers comprising lamiqates DAl, DA2, and DA3 were cut from baseline sheet
(Lot 108-369, Teble 3) that had been processed to -T761 properties. Conse-
quencly, after the laminate bonding process, these primary layers were
essentfally glven a resolution treatment, water quench, and age cycle similar
to what they had been subjected to previously, except that the laminate panels
were strained approximately 2% after the quench stage to relieve quenching
stresses. It was found that approximately 20% of the heat treatment specimen
blanks delaminated along 7475 A1/1100 Al interfaces due to the severity

of the water quench. This delamination was more prevalent in the laminate
blanks with the thinnest 1100 Al interleaf [laminate DA3 with the 0.05 mm
(0.002 in.) thick 1100 Al interieaf]. Very few delaminations were noted

for laminate DA2, which had the thickest 1100 Al interleaf [0.25 mm (0.010
in.)]. The tensile properties of laminate panels DA), DA2, and DA3 heat
treated in the manner described above are shown in Table 9. All propertiec
shown are typical of 7475 Al processed to the ~T7651 condition.

Tensile Properties of Roll Boi.ded 7475 A1/1100 Al and 7075 A1/7072 Al

Laminates. The roll bonded laminates RAl (7075 A1/7072 Al) and RA4 (7475 Al/

1100 A1) were fabricated and heat treated to the -T7651 temper hy Alcoa Technical

Center. The tensile properties of these laminates are given in Table 10. All
properties shown are representative of alloys 7075 and 7475 heat treated to the
-T7651 temper.

Tensile Properties of Explosive Bonded 7075 A1/7072 Al Laminate EAI.

This laminate was fabricated by Battelle Columbus Laboratories using five layers
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TABLE 10. TENSILE PROPERTIES OF ROLL BONDED 7475 A1/1100 Al AND
7075 A1/7072 Al LAMINATE PANELS

4
u . } !
LAMINATE .| PRIMARY/ 0.2% YIELD ULTiMATE %
PANEL SECONDARY | .. STRENGTH  STRENGTH ELONGATION
DES | GNAT 1 ON ALLOYS S a :
L MPa (ksi) MPa (kst})
rv = = — |
_ . sk (65.9) 512 (74.2) 16.0
N 7475 A1/ 465 (67.4) 526 (76.3) 15.4
v RAL 1100 Al L62 (67.0) _524 (76.0) 1 . _14.9

avg. 460 (66.8) lavg. 521 (75.5) lavg. 15.4

kyc  (68.1) 534 (77.4) 12,8
7075 A1/ 4 (68.0) 537 (77.9) 13.5

avg. 471 (68.3) lavg. 536 (77.7) lavg. 13.3

* Laminates were heat treated to give -T7651 properties to the primary metal
phase.

** Laminate panels were nominally 11.9 mm (0.47 in.) thick.

*45 Primary alloyAIayers were nominally 2.3 mm (0.090 in.) thick, while
secondary alloy layers were nominaily C.13 mm (0.005 in.) thick.
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of 2.4 mm (0.099 in.) 7075-T6 Alclad Al sheet. Upon receipt of this material
from Battelle samples were tempered according to normal heat treatment speci-
fications for achieving -T76 tensile properties from previously heat treated
-T6 sheet. [A recommended temper would be: 16.5 hr at 163°C (325°F)]. It

was found that aging in this manner caused extensive overaging in the

laminate, with corresponding low strength levels. For example, the yield
strength was only 369 MPa (53.5 ksi) instead of the more typical value of
469 MPa (68.0 ksi) for 7075-T7651. Subsequen’ tempering, microhardness, and
tensile evaluations were made on laminate EAl to establish the appropriate
aging time at 163°C (325°F) to achieve -T76 tensile properties. The tensile

:
&

g

i e oo

results of these evaluations are given In Table |I. It was found that an

aging time of 2.8 hr was sufficient to obtain -T76 tensile properties in
explosive bonded 7075 A1/7072 Al laminate EAl. The extreme amount of energy
characteristic o the explosive bonding process sufficiently altered the

aging kinetics of the primary 7075 Al alloy to cause the drastically reduced
aging time noted in Table 11. All fracture specimens of laminate EAl, described

in Section 3.3, were aged at 163°C (325°F) for 2.8 hr.

itk gkt
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sl e e

gﬁ Tensile Prcoerties of Diffusion Bonded Ti-6A1-4V/6061 Al Laminate 2
% DT1. The tensile properties of laminate DT1 were determined under two heat 3
%ﬁ treatment conditions as note® previously in Section 3.1. These conditions : %
E were: :
E; Condition A - the as-~received laminate panel. This was con- .;

sidered equivalent to Ti-6A1-4V sheet in the mill o

annealed state given a 1 hr soak at 524°C (975°F).

Condition B - this treatment consisted of as-received laminate DTI

(Condition A) processed as follows: | hr at 527°C o
(985°F), water cuenched, 18 hr at 160°C (320°F). ’

The Condition B treatment was used so that the 6061 Al interleaf strength
could be increased to approach the -T6 temper for this alloy. Microhardness
readings in the 6061 Al bondlines in laminate DT! confirmed the Condition B
interleaf had a higher strength level. (tLondition A 6061 Al had a Knoop
microhardness of 61, while Condition B 6061 Al had a Knoop microhardness of

gh). The tensile properties of diffusion bonded Ti-6Al-4V/6061 laminate OTI

are given in Table 12. These values are slightly lower than the strength
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TABLE |1. TENSILE PROPERTIES OF EXPLOSIVE BONDED 7075 A1/7072 Al LAMINATE
EAl AGED AT 163°C (325°F)

AGING TIME AT 0.2% ULT IMATE 3 f
163°C (325°F) YIELD STRENGTH STRENGTH ELONGATION :
hr MPa (kst) MPa  (ksi) ;
0.0 591 (85.7) 612 (88.8) 1.5 E
1.0 514 (74.5) 547 (79.4) 14.0 2
:
2.0 496  (71.9) 536  (77.7) 14.0 i
476 (69.1) 524  (76.0) 13.5
485 (70.3) 534  (77.4) 15.8
2.8 456 (66.1) £16_ (74.8) 15.4 i
avg. 472 (68.5) avg. 525 (76.1) avg. 14.9 g%
4.0 419 (60.8) 475 (68.9) 13.7
16.5 369 (53.5) 438 (63.5) 15.2 -
* 254 mm (1.0 in.) gage length tensile specimens were used for properties ,
determinations. !
%% Laminate panel EAl was nominally 12.4 mm (0.49 in.) thick.
#%% Primary alloy (7075 Al) layers were nominally 2.4 mm (0.095 in.) thick,
while secondary alloy (7072 Al) layers were nominally 0 13 mm (0.005 in.)
thick.
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values noted in Table 6 for the 3.2 mm (0,125 in.) Ti-6A1-4V baseline sheet
from which laminate DT] was made. The difference in values is attributed to
the small volume fraction (approximately 2%) of lower strength 6G61 Al in
laminate DT1. There were no detectable differences in the tensile properties

of laminate DT! in the Condition A or B heat treat state,
3.2.2 Microstructural Characterization of Laminate Panels

The microstructures of the diffusion bonded, roll bonded, and
explosive bonded laminates were evaluated using optical metallography and
electron probe microanalysis. Micrographs illustrating the microstructures
of all seven laminates are given on the following pages in Figures 10 through
16. The significant features regarding the microstructures of these laminates

are discussed in the following paragraphs.

Diffusion Bonded and Roll Bonded Al1/Al Laminate Microstructures.

In examining the micrographs of diffusion bonded 7475 A1/1100 Al laminates
DA3, DA2, and DAl in Ficures 12 and 11, it can e seen that there exists a
discontinuous third phkase at the 7475 A1/1100 Al interface. Similar observa-
tions were found regarding roll bonded 7475 A1/1100 Al laminate RA4 and roll

_bonded 7075 A1/7072 Al laminate RAl (Figures 12, 13, and 14). This phase

was re. sefinitely identified either by optical metallographic techniques

or by electron probe microanalysis; however, it is likely that it is an oxide
phase. As will be discussed at more length in Section 3.3, this phase had a
direct effect on the failure mechanisms found in these laminates. It has
already been noted in Section 3.2.1 that diffusion bonded laminates DAl, DAZ,
and DA3 all were subject to delamination along the 7475 A1/1100 Al bondl}ines
during water quenching from the solution temperature during heat treatment.
Thes-- deiamira’: -5 were observed always to be ‘'adhesive' in nature (i.e.,
separation always occurred at the original interface between the 7475 Al and
the 1100 Al and not within the soft 1100 Al phase). Similar "“adhesive' de-
lamination was ¢ - noted for the roll bonded laminates RAl and RAL4, which
developed surfe - .listers during heat treatment. Figure 13 shows an example
of such ''adhesive!' delamination at a surface blister in roll bonded 7475 Al/
1100 Al laminate RAL. Although the '‘adhesive' bondline failurzs noted above
have been attributed to the presence of a third phase at the Al/Al interface
in these laminates, "adhesive' failure was not the only mode of failure noted

for these materials. In fact roll bonded laminates RAl and RA4 exhibited a
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FIGURE 10. MICROGRAPHS OF DIFFUSION BONDED 7475 A1/1100 Al
LAMINATES DA3 AND DA2 SHOWING: (a) 1100 Al INTER-
- LEAF IN LAMINATE DA3; (b) 1100 Al INTERLEAF IN
;’ LAMINATE DA2.
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(b)

FIGURE 11. MICROGRAPHS OF DIFFUSION BONDED 7475 A1/1100 Al
LAMINATE DAT SHOWING: (a) 1100 Al INTERLEAF;
(b) 7475 A1/1100 Al INTERFACE.
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(a)

(b)

FIGURE 12. MICROGRAPHS OF ROLL BONDED 7475 A1/1100 Al LAMINATE
RA4 SHOWING: (a) 1100 Al INTERLEAF; (b) 1100 Al
INTERLEAF,
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(b)

FIGURE 13. MICROGRAPHS OF ROLL BONDED 7475 A1/1100 Al LAMINATE
RAL SHOWING: (a) DEBONDED AREAS AT 7475 A1/1100 Al
INTERFACES CAUSED DURING HEAT TREATMENT (TOP 7475 A)
LAYER IS AN OUTSIDE PANEL LAYER); (b) 7475 Al/1100
Al INTERFACE.
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FIGURE 14, MICROGRAPHS OF ROLL BONDED 7075 A1/7072 Al LAMINATE
RA1 SHOWING: (a) 7072 Al INTERLEAF; (b) 7075 A1/7072
Al INTERFACE.
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FIGURE 15. MICROGRAPHS OF EXPLOSIVE BONDED 7075 A1/7072 Al
LAMINATE EA) SHOWING: {(a) 7072 Al INTERLEAF;
(b) 7075 A1/7072 Al INTERFACE.
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FIGURE 16. MICROGRAPH OF DIFFUSION BONDED Ti~6A1-4V/6061 Al
LAMINATE DTi SHOWING 6061 A} INTERLEAF,
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significant tendency‘for "cohesive'' failure within the soft 1100 Al or 7072 Al

interleaf, as will be discussed at more length in Section 3,3,

Explcsive Bonded 7075 A1/7072 Al Laminate EAl Microstructure, ﬁ

The microstructure of the explosive bonded laminate EAl was characterized by -

a remarkably smooth, well bonded interface between the 7075 Al primary alloy
and the 7072 Al interleaf alloy, shown in Figure 15. The 7075 Al1/7072 inter-

face showed no evidence of waviness that would be characteristic of an

over-walded explosively bonded system.

Diffusion Bonded Ti-6A1-4V/6061 Al Laminate DTI Microstructure.

Laminate DTI's microstructure is shown in Figure 16. Close examination of the
Ti-6A1-4v/6061 Al interface using optical metallography and electron probe

microanalysis revealed no evidence of chemical reaction at the interface.

Electron Probe Microanalysis of Laminate Panels. Electron probe

microanalysis was used to evaluate the amount of chemical diffusion across the
secondary metal interleaf alloys for all seven laminate configurations studied
in this program. Diffusion profiles for the major alloying elements in the
primary alloy across the secondary alloy interleafs are shown in Figures 17
through 21 for laminates DAl, RA4, RAl, EAl, and DTI1. The diffusion gradients
of Zn, Mg, and Cu were determined for the diffusion bonded, roll bonded, and
explosive bonded Al1/Al laminates, since these are the three principal alloying
elements in both 7475 Al and 7072 Al. Figures i7 (DA1), 18 (RAL), 19 (RA1),
and 20 (EA1) all illustrate diffusion gradients that show substantial diffusion
of Zn, Mg and Cu from the primary alloy (7475 Al or 7075 Al) into the interleaf
alloy (1100 Al or 7072 Al). This observation was noted for all the Al/Al
laminates, regardless of whether the fabrication process was diffusion bonding,
roll bonding, or explosive bonding. It was found, however, that the interleaf
thickness significantly affected the diffusion profiles. This is shown in
Figure 22 for the diffusion of Zn from the primary 7475 Al into 1100 Al in
diffusion bonded laminates DA3, DAl, and DAZ. These laminates had 1100 Al
interleaf thicknesses of 0.05 mm (0.002 in.), 0.13 mm (0.005 in.), and 0.25 mm .
(0.010 in.), respectively. As is evident from Figure 22 it is possible that ';
sufficient diffusion had occurred in laminate DA3 (0.05 mm interleaf thibkness) N
to make the interleaf hardenable by precipitation hardening thermal treatments.

An increase in strength in the interleaf alloy could cause the laminate to fail

by
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FIGURE  19. Zn, Mg, AND Cu DIFFUSION PROFILES ACROSS 0.13 mm
(0.005 in.) 7072 Al INTERLEAF IN ROLL BONDED
7075 A1/7072 Al LAMINATE RA) (HEAT TREATED TO
=77651 TEMPER).
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FIGURE 20. Zn, Mg, AND Cu DIFFUSION PROFILES ACROSS 0.13 mm
(0.005 in.) 7072 Al INTERLEAF |IN EXPLOSIVE BONDED
7075 A1/7072 Al LAMINATE EA] (HEAT TREATED TO HAVE
-T7651 TENSILE PROPERTIES).
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LAMINATE DT1, HEAT TREATMENT (CONDITION A): AS RECEIVED
[MILL ANNEALED + | HR AT 52L°C (975°F)].

NS TN P




B i

PR A St S D A

T AT AR
sar s g

A

&
\

KRR

Ka, X-RAY PHOTON COUNTS

2400 1 T T T T T T T T !

Zn X~-RAY COUNT ACROSS 1100 Al INTERLEAF IN
| DIFFUSION BONDED 7475 A1/1100 Al LAMINATES
2200 OF DIFFERENT INTERLEAF THICKNESSES Pp—

2000~
\ \ LAMl NATE DA3,

#"70.05mm INTERLEAF

1800 -
. !
1600 |- ‘ )§ / .
\ /
1400 |- \ \)b / ' i
P
\ /
\ LAMINATE DAI / -

1200 | :
\,/_ 0.1mm INTERLEAF .
/

1000 |- \ \ }4 _
800 | )\ / / LAMINATE DA2, |
\ /l 0.3mm INTERLEAF
\
600 | ' é
° X / , T
\\ /,
400 | _, \ \ /g |
200 |- . _ |
S
0 ] | 1 | | | | ] | |

-200 -160 -120 -80 -40 0 Lo 80 120 160 200 240

DISTANCE FROM INTERLEAF CENTER,

FIGURE 22. COMPARISON OF Zn DIFFUSION PROFILES ACROSS 1100 Al INTERLEAVES OF
DIFFERENT THICKNESSES IN 7475 A1/1100 A1 DIFFUSION BONDED LAMINATES
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as a monolithic material rather than as separate layers as is required to

achieve higher crack divider fracture toughness, Thus, the 0,05 mm interleaf

was deemed too thin for use in diffusion bonded Al/Al laminates that must be ?

subjected to precipitation hardening. k

In comparing the diffusion gradients of laminates processed by the

three different techniques, it was found that the diffusion profiles across

the secondary alloy interleaves were very similar. Direct comparisons alloy-

to-alloy for a given interleaf thickness (0.13 mm) for diffusion bonding vs. %

roll bonding and roll bonding vs. explosive bonding are shown in Figures 23

and 24. It was anticipated that the diffusion bonding and roll bonding fabri-

RV DA

cation techniques would yield microstructures having similar diffusion gradients;

however, the similar behavior of explosive bondad laminate EAl is somewhat un-
expected, since this laminate was heated to only 160°C (320°F) during aging
to achieve -T76 tensile properties. The microanalysis results shown in

Figures 20 and 24 clearly show that extensive diffusion of Zn, Mg, and Cu

N T e W IR T I A T TS

occurred in laminate EAl due to the 160°C (320°F) aging treatment.
3.3 FRACTURE PROPERTIES OF LAMINATE PANELS

3.3.1 Fracture of Crack Divider Metal/Metal Laminates

R T

Diffusion Bonded and Roll Bonded 7475 Al/1100 Al Laminate
Fracture Results. The fracture toughness values of diffusion bonded 7475 Al/

1100 Al laminates DAl, DA2, and DA3 are given in Table 13. Fracture results
on roll bonded 7475 A1/1100 Al laminate RAL are given in Table 14. These

fracture results were all determined on laminate material heat treated to

R T A

the -T7651 primary alloy tesper. All tests were conducted with the single-

Sy el

edge-notched specimen configuration (Figure 5), with the exception only of
additional compact tension tests for laminates DAl and RAL. These tests 3

were included to evaluate specimen geometry effects, since the compact tension

specimen was selected for use in fatigue crack propagation testing described

in Section 3.4.1. It is evident from comparing SEN and CT fracture results
for DAl and RAL, no significant differences in fracture properties were

noted for tests completed with these two specimen types.

The results illustrated in Tables 13 and 14 show that all

laminate panels had remarkably improved critical fracture toughness (Kc)

51




R

X-RAY PHOTIN COUNMTS

Ka

2400

2200

2000

1800

1600

1190

1200

1000

800

600

4oo

200

0

-160

FIGURE 23,

j T
Zgix-RAJAEOUNT AC&OSS lldg Al INTERLEAF IN DIFFUS:ON
BONDED (DA1) AND ROLL BONDED (RA4) 7475 A1/1100 Al
LAMINATES OF O.1lmm INTERLEAF THICKNESS
HEAT TREATED TO -T7651 TEMPER

ROLL BONDED
LAMINATE RAL

DIFFUSION BONDED
LAMINATE DA!

i - L | - ]

bbbl i,

-120

COMPARISON OF Zn DIFFUSION PROFILES ACROSS 1100 Al
LEAVES FOR 7475 A1/1100 Al ROLL BONDED AND DIFFUSION BOND-

-80 -4o 0 Lo

DISTANCE FROM INTERLEAF CENTER, u

ED LAMINATES RA4 AND DAI.

52

120

160

INTER-

3
M
4
3

2
3
E
5
i3

g i e it




Al oNFLLAL T | e

2400

2200

2000

1800

1600

1400

1200

1000

Ka, X-RAY PHOTOM COUNTS

800

600

koo

200

FIGURE 24,

N
3
b
i
3
3

— -T76 TENSILE PROPERTIES @

L 1 | I - 1 b ¥

Zn X-RAY COUNT ACROSS 7072 Al INTERLEAF IN ROLL BONDED
(RAT) AND EXPLOSIVE BONDED (EA)) 7075 A1/7072 Al
LAMINATES OF O.1mm INTERLEAF THICKNESS A —

ot b il il ekt o

\ EXPLOSIVE BONDED

\ﬁr//”f_ LAMINATE EAl

\ ROLL BONDED
LAMINATE RAI

i e e

ol

o i . < it cn i 1l A el i b i, . i

ciladih e

it G

HEAT TREATED TO HAVE

L 1 A i

] L ]
-120 -80 -4 0 4o 80 120 160

DISTANCE FROM INTERLEAF CENTER,

COMPARISON OF Zn DIFFUSION PROFILES ACROSS 7072 Al INTERLEAVES
FOR 7075 A1/7072 Al ROLL BONDED AND EXPLOSIVE BONDED LAMINATES
RAl and EAIl,

53




Ll

Sl e o

-usw(dads 24n3deJy UOlSUI Idedwod - )2

“(1v SiyL) dseud

‘uswioads aunjioe.; paydIou-Ibpa-3|burs - NIS

g ik

WI4YI (Ul 060°0) uww £°Z Afleuiwou sam sudhey (tv Siyl) Aoy e Asewlad 3

TAIYI {Uy [hTQ) ww §1| Apjeuiwou I.3IM sjaued djeuiwey i

1219w Asewsad ayy o1 sdaijsadold i59/1- aa1b 03 paieasl jeay IsIM sIjeujwe’ ..

(z°46) <°£0L (€°€9) 9769 (5°92) t°cy (t-z) g-es)(ooL) 1°1€] (gog o) $°0Z|(999°0) a9l N3S (zZ00"0) SC0°0 £va
1°06) £°66 "Bae (T°6S) 1°59 ‘bae (6°5£) #4°6E "bBae
(n 461 L €01 (9°09) %99 {(37%t) 0°8t (601) S°gn | (€2'9) L-Lz] (z98°0) 6-1Zj(LoL'0) 0Q°8L N3S (010°0)  $2°0 zva
{£°26) ¢4°101 {(L°65) 9°99 (€-St) 8°8¢ (011} 6°gn|(25°9) 0°6T| (Z€8°0) L 1Zj(6L9°0) T°LI
(5°48) 6°76 (37£%) €°¢£9 (8°L8) S (§°01) L-9v | (68-9) 9-0€| (zZ8'0) 6°0Z|(989°C) 'Ll
L°06) L°66 -Hae (6°59) S-zL ~Bae 6°LE) L'lq ‘Bae
(z2°06) 1766 (L99) ("LL (0°9¢) 9°6 (gt-q) 98| (sc°7) #w-et| (goz-t) L-0£f(gloti) 6°9T
(L"16) 8001 (9°99) &L (0"oy) 0"y (0z-4) L°81](z5°7) T-ut) (yiz-1) g ogf(neo Ly €°97 3
(1°t6} (00l (2°L9) 6°¢L (0°8€) 8Ly ($€°4) €60 (9m°z) 6°0l] (#61°1) £°0€}(gl10°1) 6°SC
{6°68) B85 (z2°59) L°1L (9°L8) £y (oz°4> L-gif(zn'2) 8°0L] (wOZT°1) 9°0Ej(0ZC 1) H°5C )
(0°46) E-E01-Be] (6°09) 699 OAE| (g'SE) € 6E ‘e (s00°0)  £170 tve
(6°96) %#°901 (0°€9) Z°69 (L°5€) T°6f 8-zt) 6°9s| (Lz°L) €°TE] (wig-0) L-0z|(i99°0) 8°9I NS
(z°96) L5t (1"19) t°49 (1°4€) §°LE (q-zt) 2°S5| (£6°9) 8-OE]| (£z8-0) 6°0Z§(z99°0) B9t
{0°68) g°/6 (9°85) *'%9 (9°L8) E£°1n (0'91) z-uL}] (£a1) g-su] (809°0) 'St (99n°0) 8LL
fuisysn) WeedW (uleLsy) wredW (ursisa) waedw (sdi) N1 | (sd;} M| (Cu1) ww i (ul) w ("u1) u
2, . dde_ | 0, . HLONIT HL9INIT S5IMIDIAL NOILYNS1530
u«:»w«zwm“ﬁwmw“u uzahw&wmwuw.muww( xuzmwwunwzo» avo avol ¥3vH) AJud 3daL (tv o0t1) J3nvd
TYNOTLIGNGD WOW I XYM 135440 %5 WILI¥D WILING N3Wi23dS | ADTIV A¥VONDISS J1YNIWYT
S1INVS FLUNIWYY LV GOtt/Ly Sl4L A3GNOE
NOISN441G 40 SINTWA SSINHONOL IYNLIVYA HOILVINIIHO L-T ‘¥IQIAIC ¥Iv¥D “f1 318VL

54

{
i
i
!
]
1

,
]

cE A



ki ol e At L

PR bl aciisde el i R R T T T

A s e

‘uBwd3ds BuniSesy uoisLal 3dedwod - 19 fuawidads aunysedy paysiou-abpa-aibuis - y3g

MY {tul G00°0) ww £1°0 AllBULWOU I3 Si3he| AO[|€ AJBPUOIIS D[ 1yM ‘ADIYI ["uy 060°Q) wt £°7 A[({euiwou 343 SsdAe| Ao|ie Aiewldd

A1y (Ul [y0) Ww G| A]PUIWOU @.3M 5)3ued dJBUIWET i

‘9seyd [e33w Alewitd Y3 03 $91333dosd |G9/1- 3A16 01 PIIEISI 1EDY I.IM SIjeuuer

g

T

T

L4y

(0°%9S) #°65 ‘Bae| (S-zg) L 9y ‘Bae] (9°0f) 9'tLE "bBae
€°85) 19 (1"yh)  Ggn (z'of) et (/6°L) €°S€ {(nn°S) T4z} (01870} 970z | {(z1L79) 781
(€°28)  §°LS (€z4) S99 (870€)  B7€E (19°)) 6°€€ |(n5°s) 9wz | (88l o) 0-9z | (tiL70) L8l N3s Sy mwm 7
(h°18) §°9§ (L i) 411 (£'085) L°EE (32°L) #w°Z€ |(yn°S) Tz} (96L°0) Z-0Z](81L°0) T°8lL
(5 qgy 626 "Hael (g°99) yw'fL ‘6ae|l (9°44)  0'6h "Bae
(1°le) 17001 (5°69) 9°9L L9y €49 (us"€) €°Li [(29°2) LUl (n6l 1} E£-0Ff :wo”: 6792 13
(L708) g8 (1"'s9) s UL (9°€y) 6L (o1 4} gt [(ni-zy Tzt |(BLt 1ty &°6Z} (590717 _”:
(g 1g) 6°68 (8'59) €U [9°8y) 6Ly (90°%) 1°81 J(69°7) o'zL (el ) zoof] (§99°1) 17LT
(z-og) z'gg "Bael (Z-gS) G549 ‘Bae| (170} QT hae \“« mwf vy \n
(108} 088 71°65) 0°59 (g°0%) 8'nn {0°01) S'wy 1 (06°9) L'OE) (L€870) €71z} (2€L°0) 9'8l \3s
(z'0g) 1°98 (1°65) ©0°%9 (E'on) €°4n (16°6) z'wy |(gL'9) -0t (ow8'0) €712 (SE€L°0) L'BI
(n-0B) #°g8 (g°£5) S°€9 {L°6£) 0°¢€n (5°01) L-9n {(0i'L) 97 i€} (zzg0) &0z ] (90L70) 6°L1
(Futaism) weRgu {"urpisy) wideyy (rutpisy) wpegy (sdiw) W J(sdin) W (ruy) it (ruty w
SSINHINOL SSINHONOL SSINHINOL avod avoi HLINIT H19NT? SADTIY NGELYNDIS3T
J¥ALIVHS FYNLIvYS I9NLIVYES W | XYW 135440 %5 $1V¥3 ¥4I zwm._*”w o ABVONOIIS 13NVd
IWILEYD INIBYddY AYNCi L iONDD TYIILIY) TYILING /AYYH | 8d 3LYNIWYT "

AR

STINVD JLYNIWYT 1Y ZLOL/LY SLOL ANV (Y 00((/1Y Si{nl d3aned

1108 40 SINTYA SSINHONOL JYNLIVYS NOILVINIINO L-7 ‘¥3IQIAIQ ¥IVYS

“hi 378Vl




B SR & st S A

E

values above the corresponding monolithic 7475-T7651 values listed earlier in
Table 7 of Section 3.1, (Critical fracture toughness is considered the most
representative measure of toughness improvement in these laminate materials,
since they do not approach plane strain fracture behavior. This same conclu-
sion has been reached by brevious investiga;ors3’7, who used KC as the most
representative measure of toughness in crack divider 'aminates). Table 1§
shows comparative average KC values for single layer 7475-T761 Al, monolithic
7475-T7651 Al plate, and diffusion bonded and roll bonded 7475 A1/1100 Al

laminates. Several vbservations can be made from the comparisons given in
Tazuie 15:

(1) The diffusion bonded 7475 A1/1100 Al laminates DAl, DA2 and DA3
had essentially the same fracture ftoughness, regardless of the
secondary alloy interleaf thickness,

(2) The diffusion bonded laminates possessed significantly higher
K. values than monolithic 7475 Al of the same thickness. This

improvement in K. ranged from 501%:0 56%.

I

(3) The single layer 7475 Al sheet toﬁghness was retained in all
di ffusion bonded laminates. The Kc values of these laminates
were even slightly higher than the average Kc value for the

single layer sheet from which these laminates were composed.

(4) The roll bonded 7475 A1/1100 Al laminate RA4 showed a signifi-

cantly higher (33%) average Kc value over monolithic 7475 Al
of the same thickness.

(5) The single layer 7475 Al sheet toughness was retained in roll
bonded laminate RAL, The average Kc value of the laminate was
essentially the same as the average K. value for 7475 Al single
layer sheet of the same thickness as the primary 7475 layers in
the laminate.

Roll Bonded and Explosive 7075 A1/7072 Al Laminate Fracture Results.
The fracture toughness values for roll bonded and diffusion bonded 7075 Al/

7072 Al laminates RAl and EAl are given in Table 14 and 16. These fracture
results were determined on laminate material heat treated to have -T76 ten-

sile properties. All tests were conducted using the SEN specimen., As was

56
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_s?ﬁnificantly hlgher'K values than correspondlng monolithic 7075-T7651 Al of

" the casé for the diffusion bonded and roll binded 7475 A1/1100 Al laminates,

the roll bonded and exploé!vevbddded'7075 A1/7072 Al laminates possessed

" the same thlckness Also the single Iayer 7075 Al sheet Louqhness was com-

A_pletelyv retalned in. the 7075 A1/7072 Al lamtnates Comparatuve KC Values
* for single layer 7075~176 Al sheet m0no!|thlc 7075- T765| Al olate, and roll

:bonded and exptosive bonded 7075 Al/7072 Al Iamlnate° RPI and EAl are given

.\lP Table |7 Observatlons sumilar to those made earller for the 7h75 A1/1100

el ety

Al lamnnafes can. be 'made for the 7075 Al’7072 Al lamlnates based on Table 17:

(1) l]he roll bonded 7075 Al/7072 Al lamlnate RAI showed a signlfu
cant improvement in K over monolcthlc 7075 Al Gf the same

thickness,

(2) The sihgle layer 7075 Al sheet toughnces was retained in the

| roll bonded laminate. The‘averége’Kc value of the laminate
was only 7% iower than the ayerage KC value for 7075 Al single
‘layer sheet of approximately the same thickness as the primary

7075 layers in the Tamingte,

(3) The explosive bonded laminate EAl possessed a Kc value that

was 50% higher than monolithic 7075 Al of the same thickness.

(4) The single layer 7075 Al sheet toughness was retained in the
explosive bonded laminate. The laminate nad an average KC
value that was 3% higher than that for single layer 7075 Al
sheet of epproximately the same thickness as the primary 7075

“Al layers in the laminate.

Diffusion Bonded Ti-5A1-4V/6061 Al Laminate DT! Fracture Results.
The fracture toughness values of diffusion bonded Ti-6A1-4vV/6061 Al laminate

DT! are given in Table 18, The fracture results were determined on laminate
specimens heat treated to the two states discussed in Section 3.1 and 3.2:
Condition A (as-received) and Condition B (to give higher strength to the
6061 Al interleaf). All tests were conducted using the single-edge-notched
fracture specimen. Although there was a slight difference in firacture values
between Condition A and Condition B heat treat states, this difference did

not seem to be of significance, especially when compared to the Condition A

53
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and B tensile and fracture values of single layer 3.2 mm (0.125 in.) Ti-6A1-4v
sheet in Tables 6 and 8. Both Condition A and B heat treat states showed much
higher critical fracture toughness compared to monolithic Ti-6Al-4V plate of
the same thickness, Table 19 summarizes the comparative critical fracture
toughness values for single layer Ti-6Al-4V sheet, monolithic Ti-6A1~-4V plate,
and diffusion bonded Ti-6A1-4vV/6061 Al laminate DTI (all i the Condition A

state). The following observations can be made from these results:

(1) The diffusion bonded Ti-6A1-4V/606]1 Al laminate possessed an
average critical fracture toughness that was 117% higher than

corresponding monolithic Ti-6Al-4V plate of the same thickness.

(2) The single layer Ti-6Al1-4V sheet toughness was essentially re-
tained in the Ti-6Al1-4V/6061 Al laminate. The average K_ value
for the laminate was 12% less than that for single layer Ti-6Al-4V
sheet of the same thickness as the primary titanium layers in the

laminate.

Failure in Laminate Panels. It was found that all laminate fracture

specimens tested under this program exhibited plane stress (or slant) failure
surfaces of the individual primary layers. Failure surfaces of several SEN
fracture specimens are shown in Figures 25 ard 26, The plane stress failure
behavior of the individual layers contrasted sharply with the predominantly
plane strain (or flat) failure surfaces exhibited by the monolithic baseline
7475 AV, 7075 Al, and Ti-6A1-4V plate specimens (two of which are shown in
Figure 26). The plane stress failure of the individual primary layers is in-
dicative of the much higher toughness values noted for these laminates. Simi-
lar failure surfaces in laminated panels have been noted in previous evalua-
tions of laminate failures by other workers and this type of failure mechanism

is considered essential for obtaining high toughness in laminate materials.

Fractography of fracture specimens from each of the seven laminate
systems was conducted using scanning electron fractography. Fractographs
illustrating the various modes of failure in these laminates are given in Fig-
ures 27 through 32. It was found that all diffusion bonded laminates (both
7475 A1/1100 Al and Ti-6A1-4V/606]1 Al) exhibited '"adhesive'' delamination at
the primary/secondary alloy interface. Fractographs illustrating this type of

feilure in these laminates are shown in Figures 27 and 28, It was noted
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(b)

F1GURE 25. FAILURE SURFACES OF CRACK DIVIDER SEN SPECIMENS,
IDENTIFILED LEFT TO RIGHT: (a) CiFFUSION BONDED
7475 A1/1100 A1 LAMINATES DA3, DAl, DA2; (b) ROLL

BONDED 7075 A1/7072 Al LAMINATE RA1, ROLL BONDED

\ AND DIFFUSION BONDED 7475 A1/1100 Al LAMINATES
RAL4 AND DA1.
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(b)

FIGURE 26. FAILURE SURFACES OF CRACK DIVIDER SEN FRACTURE
SPECIMENS, IDENTIFIED LEFT TO RIGHT: (a) DIFFU-
SION BONDED Ti-6A1-4V/6061 LAMINATE DTI!, MONO-
LITHIC Ti~6A1-4v; (b) ROLL BONDED AND EXPLOSIVE
BONDED 7075 A1/7072 Al LAMINATES RAI AND EAI,
MONOLITHIC 7075 Al.
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FIGURE 27.

(b)

FRACTOGRAPHS OF DIFFUSION BONDED 7475 A1/1100 Al
LAMINATE DAl SEN FAILURE SURFACE: (a) ''ADHESIVE"
DELAMINATION AT 1100 Al INTERLEAF; (b) 1100 Al
"ADHESIVELY-FAILED SURFACE',
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FIGURE

28, FRACTOGRAPH OF DIFFUSION BONDED 7475 A1/1100 Al
LAMINATE DA3 SEN FAILURE SURFACE SHOWING ''ADHESIVE"
DELAMINATION OF 1100 Al INTERLEAF FROM ADJACENT
7475 Al PRIMARY LAYERS.
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(b)

FIGURE 29. FRACTOGRAPHS OF ROLL BONDED LAMINATES RA1 AND RA4 SEN
FAILURE SURFACES: (a) '"'COHESIVE" FAILURE IN 7072 Al
INTERLEAF IN RAl; (b) '"ADHESIVE" DELAMINATION AT 7475
A1/1100 Al INTERFACE IN RAL,
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FIGURE 30.

v Ny
T
S

FRACTOGRAPH OF ROLL BONDED 7075 A1/7072 Al LAMINATE
RA1 SEN FAILURE SURFACE SHOWING SHEAR LIP SURFACES

OF 7075 Al PRIMARY LAYERS AND DIMPLED RUPTURE FAILURE
IN 7072 Al INTERLEAVES (A) AND (B) AND '"ADHES!VE"
DELAMINATION AT (C).
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FIGURE 31. FRACTOGRAPHS OF 7075 A1/7072 A! ROLL BONDED (RA1) AND
EXPLOSIVE BONDED (EA1) LAMINATES SEN FAILURE SURFACES
SHOWING DIMPLED RUPTURE ACROSS 7072 Al |INTERLEAVES:
(a) RAl; (b) EAl.
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FiGURE 32. FRACTOGRAPH OF DIFFUSION BONDED Ti-6A1-4V/6061 Al
LAMINATC DT! SEN FAILURE SURFACE SHOWING DEVELOP-
MENT OF SHEAR LIPS IN ADJACENT Ti-bAl-~-Lkv LAYERS.
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previously that EAR daffusuon bonded" 7&75 Al/llOO Al fa:led at essentoall/ the

same toughness level 'regardless of - nnter)eaf rh;ckness..,The Madhesive' nature

Lo s

of bondline faclu;e in these laminates precluded any efaluatuon of interleaf
thickness effects on the. fracture toughness, since tne |nterleaf ‘strength

level had no effect on the bondllne seoarataon (delamfnatlon) strength

In the roll bonded 7475 AI/IIOO Al and 7075 AI/7072 Al lamtnates it
was found that both “adheslve” delamination ard ”cohesuve“ interleaf failure -
occurred, as illustrated in Flgures 29, 30 and 31. Yhe mlxed "adhesive',
"cohesive' failure nodes in the roti bonded laminates had no effect on develop-

ment of plane stress failure shear lips in the primary layers in these lami -

nates. The '"cohesive' failure mode in the lnterleaf Is preferable to ”adhe-

sive' failure, since the fallure strength of the bonullne can be easuly con-
trolled and predicted. If the faulure is “adhe5|~e“ in nature, little control

can be exercised over what strength the bpndllne will fail, and premature or

T~

excessive delamination could result. The explosivéﬁbqnded 7075 Af/7072 Al
laminate exhibite~” 100% dimpled rupture across the .7072 Al interleaf and had
very little tendency to separate completeiy in the bondline, as shown in Fig-
ure 31. The low strength and high ductility of the 7072 Al interleaf material

in this laminate allowed full development of plane stress shear lips in all

- o gy Bl

primary 7075 Al layers. It was censidered that this laminate failed in an
"ideal" manner.

A schematic illustration of the failure modes discussed in the pre-
vious paragraphs {s shown in Figure 33, This figure shows tha well Kiown
transition from flat fracture (plane strain) for thick sections to slant frac-
ture (plane stress) for thin sections. The baneficial effect for obtaining
plane stress failure in thick laminated panels was Jocumznted in Tables 15,

17 and 19 earlier. Figures 34 and 35 show experinentail load/crack-opening
displacement record comparisons for laminated and monolithic 7475 Al (Figure
34) and laminated and monolithic Ti-6A1-4V (Fiqure 35). These show dramati-
cally the effect that plane stress failure In laminated panzls has on the ulti-
mate load carrying capacity of a thick section, The Improvement In fracture
toughness that can be achieved through lamination is summarized schematically
in Finure 36, Here it is shown that:

(1) The toughness o’ a laminate depends ultimately on the plane stress

toughness of the individual layers comprising the laminate.
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(2) Maximum toughness is achieved by selecting the primary layer
thickness to correspond to that thickness at which the Kc Vs,

thickness curve for single layer metal reaches a peak.

These conclusions are based on the important requirement that the primary
layers in a laminate be bonded together in such a way that they fail indivi-
cdually under plane stress conditions., This fact has been recognized by numer-
ous investigators of laminate fracture properties. The key factor controlling
plane stress failure of the primary layers is that failure occur in the inter-
leaf bondline prior to development of a plane strain condition through the
thickness of the laminate. This means that the interleaf bondline strength
must be somewhat lower than the primary metal strength. A higher ductility in

the interleaf metal insures that excessive delamination does not occur.
3.3.2 Fracture of Crack Arrest Metal/Metal Laminates

The crack arresting properties of metal/metal laminates are as
attractive as the fracture toughness properties of crack divider laminates,
if not more so. Three point bend fracture specimens of L-S, crack arrest
orientation (Figure 6) were used to document the crack arrest properties of
the seven !aminate configurations evaluated in this investigation. Correspond-
ing tests were also conducted on monolithic 7475 Al, 7075 Al, and Ti-6Al1-4V
piate, The crack arrest properties for all laminate materials tested under
rising load are given in Table 20. As noted in Table 20, with only one excep-
tion, every laminate specimen tested under rising load fracture conditions
arrested the propagating crack at the first interleaf the crack encountered.
Typically these three point bend specimens had notches of 1.3 mm (0.050 in.)
depth with fatigue precracks of 0.25 mm (0.010 in.) length, The specimens
were tested under rising load and the following sequence was noted for each

specimen:

(1) The load increased until the primary layer containing the crack

suffered catastrophic failure.

(2) The crack did not propagate beyond the first secondary alloy

interleaf that it encountered.

(3) Loading was continued until the specimen was subjected to a

total mid-span stroke displacement of 10.2 mm (0.4 in.).
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In two of the specimens tested in this manner, secondary delamination occurred
at high loads in Interleaf bondlizes other than the one which arrested the
crack. 'n all other tesis loading after crack arrest caused general yielding

of the specimen, vut no crack extension was noi.d.

This behavior contrasted sharply with the three point bend be-
havior of similarly fatigue precracxeu L-S orientation TP5 specimens of
monol ithic plate metal. As would be expected,all monolithic plate alloys
(7475 Al, 7075 Al, and Ti-6Al1-4V) suffered catastrophic failure cnce the
critical crack extension load had been attained. Figure 37 shows load/
crack-opening-displacement failure records that demonstrate the sharp dif-
ference in behavior observed for diffusion bonded Ti-6A1-4V/6061 Al
laminate DT! and monol:thic Ti-6A1-4V plate specimens. Typical TFB fa’lure
specimens tested in th2 manner described are shown in Figures 28 and 39.
The results discussed here show that these metal/metal laminate systems
all possessed a substantial capacity for arresting cracks that had become
catastrophic in nature under rising load condition. This same crack cirest
potential documented for cracks propagating under rising loads was also
established for cracks propagating under fatigusz loads, as Jescribed later
in Section 3.4,2.

3.4 FATIGUE CRACK PROPAGATION IN LAMINATE PANELS
3.4.1 Fatigue Crack Propagation in Crack Divider Metal/Metal Laminates

Compact tension specimens (Figure 4) were used to document the
crack divider, fatigue crack propagation rates in 7475-T761 Al sheet, Ti-
6A1-4V sheet, monolithic 7475-T7651 Al plate, monolithic Ti-6Al-4V plate,
ro!l bonded 7475 A1/1100 Al laminate RA4, and diffusion bonded Ti-6A1-4V/606]
Al laminate DTI. These tests were conducted at room temperature at 10 Hz
and an R ratio (ratio of minimum to maximum load) of 0.1, The results for
11.9 mm (0.47 in.) roll bonded laminate RAL are shown in Figure 40, while the
results for 2.3 mm (0.090 in.) 7475 Al sheet and 11.9 mm (0.47 in.) monolithic
7475 Al are given in Figures 41 and 42. Figure 43 glves the relative com-
parisons between these three materials. Although there are some differences
in the propagations rates at given stress intensity range values for these
three material types, these differences are not large and are not attributable

to any effects from lamination. These results are not unexpected since the
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(a)

(b)

FIGURE 38. THREE POINT BEND FRACTURE SPECIMENS FOR DIFFUSION
BONDED 7475 A1/1100 Al LAMINATES DAl, DA2, DA3:
(a) CPACK ARREST AT FIRST 1100 Al INTERLEAF (DA3,
DAl, DA2 TOP TO BOTTOM); (b) CRACK ARREST IN DAl
(TOP) AND DA2, BUT DELAMINATION IN THIRD 1100 Al
INTERLEAF [N DAI.
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FIGURE 39. THREE POINT BEND FRACTURE SPECIMENS: (a) EXPLO-
SIVE BONDED 7075 A1/7072 Al LAMINATE EAl SHOWING
CRACK ARREST AT FIRST 7072 Al INTERLEAF; (b) DIF-
FUSION BONDED Ti-6A1-4V/6061 Al LAMINATE DT1 (TOP)
SHOWING CRACK ARREST AT FIRST 6061 Al INTERLEAF;
MONOLITHIC Ti-6A1-4V PLATE SHOWING TOTAL FAILURE.
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basir 3i:e of the plastic zone at the crack tip is significantly smaller
under fatigue loading thuan under rising loading, The development of large
plastic zones under plane :stress conditions is the key factor which allows
crack divider laminates to nossess sngnlfl;‘ntly higher fracture toughness
than corresponding monq]nthnc metalh, Except at high stress intensity factor
ranges, the plastic zone size in fatigue 'Is smél|=fegardless of specimens
thickness; thus, there is relativély little section thickness effect on fati-
gue crack propagaticn rates, ' '

The crack divider fatigue crack prupagation test results for
3.2 mm (0.12 in.) Ti-6A1-4V sheet; 13.2 mm (0.52 in.) .diffusici bonded
Ti-641-4V/5061 Al lamivate DTI, and 13.7 mm (0.5h Tn.) Ti-8A1-4V_ monc'ithic
plate are given in Figures 44 through 47. Except at high stross intensity
factor ranges (where tne plastiz zone size may be afya-ted bv the specimen
thickness), essentially the same conciuc.cn can be made regarding ﬁhg Ti-6A1-4v
materials as was noted above for the 7475 Al materials. At the high stress
intensity factor ranges (AK) for the Ti-6ul-4V materials, the curves in Fig-
ure h?Wséﬁéfate farther with the thinnest materiai (3.2 mm thick sheet) hav-
ing the lowest fatigue crack growth rate and the 13.7 mm monolithic plate
material having the highest growth rate. The differences in growth rates at
the high 2K ranges could be attributable to decrease in the plastic zone size
from thin section to thick section.

3.4.2 Fatigue Crack Propagatiui: in Crack Arrest Metal/Metal Laminates

Three point bend, L-5 crack arrest oriantation fracture tests were
conducted on 11.2 mm (0.47 in.) roll bonded 7475 At/1100 Alvlaminate RAL,
i1.2 mm (0.47 in.) monolithic 7475-77651 Al plate, 13.Z2 mm (0.52 in.) Adiffu-
sion bonded TI-6A1-4y/6061 Al laminate DT1, and 13.7 mm (0.54 in.) monolithic
Ti-6A1-4V plate. Four TPB specimens were run for each material, with the
wi 'th disension of each specimen being equal to the material thickness. The
specimens hau machined notches 1,3 mm (0.050 in.) deep. Fatigue precracks
were grown approximateiy 0.25 mm (0.010 in.) in length prior to measuremenr
of crack growth. The fatigue crack propagation tests were conducted at room
temperature_gtAlO Hz and a R ratio of 0.1. In all laminate TPB fatigue crack
propagation tests the fatigue crack was arrested at the first secondary metal
interleaf that the crack encountered. Further cyciing only led to delamina-

tion at the interleaf at which the crack was arrested. The laminate tests
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FIGURE 44,
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were continued until 100,000 cycles had been applied, and then the tests were
arbitrarily stopped. Test results for these laminate specimens are given in
Table 21. Typlical crack growth curves for roll bonded 7475 A1/1100 Al lami-
nate RA4 and diffusion bonded Ti-6A1-4V/6061 Al iaminate DT| are given in
Figures 48 and 49. Comparative tests were conducted on monolithic 7475 Al and
Ti-6A1-4V. In all cases the specimens failed catastrophically within 20,000
cycles for the monolithic 7475 Al for the same applied stress intensity range
[approximately 10 MF’a-m]/2 (9 ksi-in'lz)]. Likewise the monolithic Ti-6A1-4V
specimens failed within 30,000 cycles at the same applied stress intensity
range given DTl specimens [approximately 20 Ml’a-m‘/2 8 ks!-lnl/Z)]. Photo-
graphs of comparative three point bend fatigue specimens are shown in Figure
50. These tests (combined with the results of rising load crack arrest dis-
cussed in Section 3.3.2) show that metal/metal laminates of this type possess
unique crack arrest properties than can be used to great advantage in struc-
tural design for improved damage tolerance,
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L. 0 SUMMARY AND CONCLU:L ONS

An experimental Investigation of the fracture and fatigue crack propaga-
tion behavior of Al/Al and Ti/Al laminates was conducted. Seven laminate
panels were fabricated using three processirg methods: diffusion bonding,

rol1l bonding, and explosive bonding. The specific laminate configurations

“that were fabricated and evaluated included the following alloy systems:

7475 A1/1100 Al alloys
Diffusion bonded laminates Ti-6A1-4V/6061 Al alloys

Roll bonded laminates

7475 A1/1100 Al Alloys
7075 A1/7072 Al allevs

Explosive bonded laminate { 7075 A1/7072 Al alloys

These laminates typically consisted of five layers of primary metal [e.g.,

2.3 mm (0.090 in.) 7475 A1] interleaved with four layers of thin secondary
metal [e.g., 0.13 mm (0.005 in.) 1100 Al], so that overall laminate thicknes-
ses were approximztely 11.9 mm (0.47 in.). Crack divider and crack arrest
fracture toughness and fatigue crack propagation tests were conducted on - these
laminate panels, and the test results were compared to similar tests on sheet
and monolithic plate alioys of the same strengths and chemical compositions as
the primary layer alloys. The following conclusions were made from this pro-

gram:

General Metal/Metal Laminate Propcrties

1. All metal/metal laminate systems investigated showed substantially higher
fracture toughness in the crack divider orientation than corresponding
monolithic plate alloys.

2, The primary alloy single layer sheet toughness was retained in all metal/
metal laminate systems evalu-.ed. Thus, the average KC vaiues of the
lam:nates were measured to be 88% to 1'5% of the Kc values for the single
layer primary alloy sheets of approximately the same thickness as the pri-

mery layers in the laminates.
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A1l metal/metal laminate systems tested exhibited significant capacity

for crack arrest under both rising load andvfatlgue‘load conditions.

The crack divider fracture toughness of a laminate depends uftimaté]y
on the plane stress toughhess of the individual primary metal_]a/ers
comprising the laminates. Therefore, maximum toughness is achleved
through lamination by seleétijg the primary wetal layé}'tﬁfékﬁegs to
correspond to that thickness at which the Kc VS, thfcknesé relation for

that sirgle layer metal is at a maximum,

The principle requirement for attaining high fracture toughness in“Tami~i

nates is that the primary metal layers in a laminate be bonded together
in such a way that they fail individually under plane stress conditions,
The key factor controlling plane stress failure of the primary layers is
is that failure occur at the primary/secondary bond prior to development
of a plane strain condition through the thickness of the laminate. In

metal/metal laminates, this means that the interleaf metal strength must
be less than the primary metal strength. A high ductility in the inter-

leaf metal insuraes that excessive delamination does not occur.

There were no significant differences in the fatigue crack propagation
rates of crack divider laminates and corresponding monolithic plate

alloys,

A1l three fabrication processes .mployed (diffusion bonding, roll
bonding, and explosive bonding) were used to successfully produce

highly damage tolerant laminate panels.

Al/Al Laminate Properties

1.

Three diffusion bonded 7475 A1/1100 Al laminates (having three different
1100 Al interleaf thicknesses) had 50% to 56% higher critical fracture

toughness values than monolithic 7475 Al plate of the same thickness.

Measurements of diffusion profiles across 1100 Al interleaves of three
different thicknesses indicated that interleaves of 0.13 mm (0.005 in.)
and 0.25 mm (0.010 in.) had chemical compositions that would insure soft
ductile interleaf properties. These interleaves would fail prior to
development of a plane strain stress state through the thickness of the

laminate. Measurements on the 0,05 mm (0.002 in.) 1100 A! interleaf
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indicated excessive diffusion had cccurred of principal alloying elements
from the primary alloy through the 1100 Al interleaf. This interleaf
thickness was concluded to be unsuitable for use in A1/Al laminate -

design,

The roll bonded 7475 A1/1100 Al and 7075 A1/7072 Al laminates possessed
average critical fracture toughness values that were 33% and 35% higher
than corresponding monolithic 7475 Al and 7075 Al plafe of the same
thickness.

The explosive bonded 7075 A1/7072 Al laminate had an average critical
fracture toughness value that was 50% higher than monol i thic 7075 Al

plate of the same thickness,

Laminates having 7475 Al as the primary allcy were found to have consi-
derably higher c-ack divider fracture toughnass than similar'fam1nates
having 7075 Al as the primary alley (an average of 63% for roll ponded
laminates) . ‘

The singie layer sheet toughness of the primary 7475 Al and 7075 Al
alloys was retained in all Al/Al laminates tested.

Diffusion bonded laminates exhibited "adhesive'! bondline failures. Roll
bonded laminates showed a combinaticn of 'tadhesive'' and ''cohesive' inter-
leaf failure. The explosive bonded laminate displayed 100% ''cohesive'',
ductile interleaf failure. ''Cohesive' interleaf faiiure is considered

the preferable failure mode for efficient metal/metal laminate design.

Ti/Al Laminate Properties

1.

The diffusion beonded Ti-6A1-4V/6061 Al laminate possessed an average
critical fracture toughness that was 117% higher than the baseline

monolithic Ti-6Al1-4V alloy plate of the same thickness.

Laminate primary/secondary bondline failures were observed to be ''adhe-

sive' in character,.

The single layer fracture toughness of the primary Ti-6A1-4V alloy was

essentially retained in the Ti/Al laminate panel, The average Kc value
for the laminate was only 12% less than that for single layer Ti-6Al-4Y
sheet of the same thickness as the primary titanium layers in the lami-

nate.
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Department of Mechanical Engr,
University of Waterloo
Waterloo, Ontario

Canada N2L 3G)

Convair Division

General Dynamics

San Diego, California 92112
Attn: Mr. A, Hurlich

Dr. Charles Gilmore

Schcol of Engineering and
Applied Science

George Washington University

Washington, D. C. 20006

ITT Research Institute
10 West 35th Street
Chicago, I1linois 60616
Attn: Dr. N. Parikh

Kaweckl Berylco Industries
P. 0. Box 1462

Reading, Pennsylvania 19603
Attn: Dr. J, P, Penny

Ladish Company

Packard Avenue

Cudahy, Wisconsin £&3110
Attn: Mr. Joseph Picher
Librarian

Linde Company
Division of Union Carbide
P. 0. Box b4
Tonawanda, New York 14152

Lockheed Aircraft Corporation
Lockheed Missile Systems Division

P. 0. Box 501 - Orgn. 80-72, Bldg. 18
Sunnyvale, California 91088

Attn: Dr, M. |. Jacobson

Lycoming Division

Avco Corporation

550 South Main Street
Stratford, Connecticut 06497
Attn: Division Library

Midwest Research Institute
425 velker Boulevard
Kansas City, Missouri 64110

Northrup Norair

3901 West Broadway

Hawthorne, California 90250

Attn: Technical Information
3343-32

Solar Division

International Harvester Company
2200 Pacific Highway

San Diego, California 92112
Attn: Dr. A. G. Metcalfe

TRW Inc., Jet & Ordnance Division
23555 Euclid Avenue

Cleveland, Ohio 44117

Attn: Elizabeth Barrett
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United Aircraft Research Laboratory
East Hartford, Connecticut 06108
Attn: Mr. Roy Fanti

Vought Corporation
P. 0. Box 5907
Dallas, Texas 75222

Dr. Paul Lowenstein

Nuclear Metals, Inc.

2229 Main Street

Concord, Messachusetts 01742

General Electric

Missile & Space Division
Materials Science Section

P. 0. Box 8555

Philadelphia, Pennsylvania 9190

Reynolds Metals Company
Reynolds Metals Building
Richmond, Virginia 23218
Attn: Technical Library

Artech Corporation

2816 Fallfax Drive

Falls Church, Virginia 22042
Attn: Mr. Henry Hahn

Massachusetts Institute of Technology
Department of Metallurgy and Material
Science
Cambridge, Massachusetts 02139
Attn: Dr. W. A, Backofen
Or. N. J. Grant (1 each)

General Electric Research Laboratory
Schenectady, New York 12301
Attn: Dr. Don Wood

Mr. David Lillie (1 each)

Dr. Gary Geschwind

Plant 26 (Research Dept.)
Grumman Aerospace Corporaticn
Bethpage, N. Y. 11714

Aluminum Company of America
1200 Ring Bldg.

Washington, D. C. 20036
Attn: Mr. G. B, Barthold

Pratt & Whitney Aircraft Corp.
LOO Main Street
East Hartford, Connecticut 06108

Department of Metallurgical
Engineering

Nrexel University

32nd & Chestnut Streets

Philadelphia, Pennsylvania 19104

Commonwealth Scientific

500 Pendleton Street
Alexandria, Virginia 22314
Attn: Mr. A, P, Divecha

Dr. Howard Bomberger
Reactive Metals, Inc.
Niles, Ohio Lu4lb

Mr. W. Spurr

The Boeing Company

12842 72nd Avenue, N. E.
Kirkland, Washington 98033

Commander

Naval Air Systems Command
Representative

Atlantic

Naval Air Station

Norfolk, Virginia 23511

Commander

Naval Air Systems Command
Representative

Pacific

-Naval Air Station, North Island

San Deigo, California 92135

Commanding Officer

Naval Air Rework Facility
(Code 34100)

Naval Air Station

Alameda, California 94501

Commanding Officer
Naval Air Rework Facility
(Code 34100)
Marine Corps Air Station
Cherry Point, North Carolina 28533
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Commanding Officer

Naval Air Rework Facility
(Code 34100)

Naval Air Station

Jacksonville, Florida 32212

Commanding Officer

Naval Air Rework Facility
(Code 34100)

Bldg. 604

Naval Air S:ation

Pensacola, Florida 32508

Commanding Officer
Naval Air Rework Facility
(Code 34100)
Naval Air Station, North Island
San Diego, California 92135

Commanding Officer

Naval Air Rework Facility
(Coce 34100)

Naval Air Station

Norfolk, Virginia 23511

Defense Advanced Retearch Project
Agency

1400 Wilson Boulevard

Arlington, Virginia 22209

Attn: 0r, E. C. Van Reuth

Rockweil International Science
Center

P. 0. Box 1082

Camino Dos Rios

Thousand Oaks, California 91220

Pratt & Whitney Aircraft

Division of United Aircrat Corp.
Florida RED Center

P. 0. Box 2691

West Palm Beach, Florida 33402

Lockheed Missiles & Space Company, Inc.
Palo Alto Research Laboratory
3251 Hanover Street
Palo Alto, Ca'ifornia 94304
Attn: Dr. Thomas E. Tietz
52-31/204
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Titanium Metals Corporation of
America

Henderson, Nevada 89015

Attn: Dr. Harry W. Rosenberg

Southwest Research Institute
8500 Culebra Road

P. 0. Drawer 28510

San Antonio, Vexas 78284
Attn: Dr. C. Gerald Cardner

Grumman Aerospacte Corporal v
Bethpage, L. I., New York 11714
Attn: Mr. R, Heitzmann (2 cys)

Mr. George Hsu

Manager of Industry Standards
Reynolds Metals Corp.

6601 W, Broad Street
Richmond, Virginia 2326)

McDonnell Aircraft Co.
St. Louis, Missouri 63166
Attn: Mr. H, C. Turner

Or. John K, Tien

Henry Krumb Schoo! of Mines
Columbia University

New York, New York 10027

Br. J. C. Williams

Department of Metallurgy end
Matevials Science

Carnegie-Mellon University

Pittsburgh, Pennsylvania 15213

Boeing Vertol Company

Boeing Center

P. 0. Box 16858

Philadelphia, Pennsylvania 19142

Rockwell International

Los Angeles Division
International Alrport

Los Angeles, California 90009

Lockheed Aircraft

P. 0. Box 551

Burbank, CA 91520

Attn: Mr. George G. Wald

Dept. 75-74, Bldg. 63, Plant A-I
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Douglas Aircraft Company

Alcoa Technical Center

3855 Lakewood Boulevard Alcoa Center, Pa. 15069

Long Beach, CA <0246 Attn:

United Aircrait Corporation
Sikorsky Afrcraft Division
Stratford, CT 06497

ughes Alrcraft Company
Aerospace Group
Culver City, CA 90230

Bell Helicopter Company
P. 0. Box 482
Fort Worth, TX 76101

Army Aviation Systems Command
Attn: AMSAV-ERE

P. 0. Box 209

St. Louis, MC 63166

E. F. Industries
1301 Courtesy Road
Louisville, Colorado 80027

Mr. J. F. Dolowy, Jr.

DWA Composite Specialties, Inc,
21119 Superior St.

Chatsworth, California 91311

Dr. B. B. Rath

Code 6490

U. S. Naval Research Laboratory
Material Sciences Division
Washington, D. C. 20340

Dr. 0. D. Sherby

Department of Materials Science and
Engineering

Stanford University

Stanford, California 94305

Battelle Columbus Laboratories
505 King Avenue

Columbus, Ohlo 43201

Attn: Mr. H, E, Pattee
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